Introduction
There is an increasing emphasis on directly addressing local pain generators following surgery in an effort to reduce systemic exposure to narcotics and other medications. [1] [2] [3] [4] [5] Bupivacaine and related local anesthetics have been encapsulated in various depot formulations as potential treatments for postoperative pain. The primary limitation to such products has been a relatively short duration of action, conferring little temporal advantage over regional blocks and local infiltration procedures with standard solution for injection. For example, a Phase III bunionectomy trial with a bupivacaine liposome formulation demonstrated minimal analgesia >24 hours. 6 For orthopedic surgical procedures on the extremities or spine, the majority of patients experience moderate-to-severe pain for at least 96 hours. 7 Another significant issue with amino-amide anesthetics is local tissue toxicity in the therapeutic dosage range, with muscle and cartilaginous tissue appearing to be particularly vulnerable. 8 Because local tissue toxicity is both time and concentration dependent, 9 this class of medications may be poorly suited for >48 hours sustained-release formulations. To overcome these limitations, a biodegradable clonidine-eluting implant with a sustained drug release profile was developed. This investigational product, MDT3, is in the form of a thin, flexible 15 mm ×5 mm ×0.3 mm poly(lactide-co-caprolactone) polymer film containing 3% (w/w) clonidine HCl (0.77 mg).
An early screening program included the evaluation of >30 drugs and biologics, including analgesics, glucocorticoids, and nonsteroidal anti-inflammatory agents. Clonidine was chosen for this program primarily because it was superior to other candidates in nonclinical assessments of local tissue tolerance as well summed efficacy, the latter of which was the focus of this investigation. Currently approved as an epidural analgesic for intractable cancer pain, accumulating evidence demonstrates distinct peripheral-mediated mechanisms for pain relief. Anti-inflammatory effects have been demonstrated in humans 10, 11 and numerous animal models. [12] [13] [14] Local, perioperative administration of 150 µg clonidine HCl has been shown to reduce the pain associated with orthopedic surgery. This dose of clonidine was effective when injected into the intra-articular space during arthroscopic knee surgery [15] [16] [17] or when injected into neighboring muscle tissue during arthroscopic shoulder surgery. 18 Consistent with a local mechanism of action, subcutaneous administration of the same dose was ineffective in both studies.
The efficacy of direct application of clonidine into the surgical site is transient, typically dissipating by 24 hours postadministration in referenced clinical studies. The concept for MDT3 was to develop a method for sustaining pharmacologically active concentrations of clonidine in healing tissue for several days. In vivo and in vitro release studies confirmed at least 5 days of sustained release from the strip. Local tissue distribution studies found average local tissue concentrations of ~100 ng/g of tissue following intermuscular (IM) placement of two strips for at least 7 days (data not shown). While this is an order of magnitude above the therapeutic range for CSF concentrations associated with analgesia using Duraclon ® (a 100 µg/mL preparation of clonidine HCl administered into epidural space for intractable cancer pain), the threshold tissue concentration required for peripherally mediated (local) analgesia is uncertain. Here, we describe the efficacy of MDT3 in a porcine incisional pain model. This model was selected for physiological similarities in dermal tissue to man because it appears to be associated with minimal spontaneous pain, with no changes in food consumption, weight gain, or other signs of pain behavior when unperturbed. 19 Although substantial historical data are available for various rodent-induced pain models including the Brennan et al's 20 incisional pain model, such a model could not physically accommodate the test article as sized and may not tolerate systemic (off target) absorption. An earlier validation study demonstrated significant peri-incisional tactile allodynia that was responsive to systemic analgesics or local anesthetics. 19 These characteristics, and especially the lack of obvious spontaneous pain, allowed the testing of the acute analgesic effects of MDT3 monotherapy. If a model is associated with obvious signs of spontaneous pain or pain at rest, it is generally considered necessary from an ethical perspective to administer a systemic analgesic (eg, buprenorphine) in a multiday study that, in turn, could prevent the assessment of test article as a standalone analgesic, particularly if the onset of action proves to be delayed.
Methods
Fifty-two young mix Landrace male pigs, weighing 10.70±0.78 kg at study initiation, were acquired for this study (purpose bred for research from Kibbutz Lahav, Israel). Animals were drug and test naive and considered in good health by the attending veterinarian. Animals were randomly divided into seven groups (six groups of n=8 and one group of n=4 [clonidine solution control]) as listed later (Table 1) . Sample size was chosen to achieve an 80% power to detect a 25% between-group difference in mechanical withdrawal threshold at 72 hours and assume a pooled standard deviation of ~20% (estimate of variance based on unpublished pilot data in the same model). Animals were provided with a commercial pig diet with ad libitum access to food and water. Purina ® Dog Chow ® was provided as a treat during acclimation to handlers 
Test article
Clonidine HCl was obtained from Societa' Italiana Medicinali Scandiccini (SIMS, Reggelllo, Italy) and milled by Micron Technologies (Lavern, PA, USA) prior to incorporation into copolymer. The micronized clonidine HCl was mixed with poly(dl-lactide-co-caprolactone) at ~3% (w/w) and melt extruded into a 0.3 mm width sheet that was cut into ~15 mm ×5 mm strips. This process renders a bioabsorbable film not dissimilar in appearance or principle from oral breath strips, albeit with much slower hydrolytic degradation. Similar sized PBO, not containing clonidine, was also manufactured. Bupivacaine and clonidine solutions were made from HCl salt powders purchased from Sigma-Aldrich Co. (St Louis, MO, USA) (product numbers B5274 and C7897, respectively). Fully dissolved solutions were filtered (0.22 µM Nalgene ® syringe filter, Rochester, NY, USA) into sterile vials prior to injection.
von Frey filament testing acclimation and baseline procedure During a 2-week acclimation period, animals were hand-fed Dog Chow ® twice daily for 15 minutes to simulate testing conditions. Three days prior and then again 1 day prior to surgery, animals were introduced to the von Frey apparatus (set of 20 von Frey filaments spanning 0.008-300 g) (Stoelting, Dale Wood, IL, USA). The last measurement taken at the planned surgical site on Day 1 serves as the baseline (day of surgery designated as "day 0"). The withdrawal threshold is the strength of filament required to induce a withdrawal response (moving or jerking away from the stimulus and/or vocalization consistent with a pain response).
Surgical procedure
Piglets were anesthetized with isoflurane (0.5-5%) with O 2 carrier (2-3 L/min), adjusted to maintain a surgical plane of anesthesia. This anesthesia was chosen to allow relatively rapid recovery for the assessment of primary endpoint beginning at 4 hours. A sterile cover was placed to surround the incisional area in the left lateral flank, and the skin was cleaned with Hibiclens ® solution and 70% ethanol solution. A 6 cm long, full thickness skin incision, including the panniculus carnosus muscle, was made in each animal ( Figure  1 ). All animals in Groups 2-5 received a total of three poly(lactide-co-caprolactone) strips. Animals in the placebo group (Group 2) received three PBO strips, placed end-toend with the length of the strip parallel to the incision, in the wound bed prior to closure. Animals in the 1× MDT3 group (Group 3) also received two PBO, with the active strip placed in the middle and the three strips similarly placed end-to-end along the length of the incision. Animals in the 2× MDT3 group (Group 4) also received one PBO, with the inactive PBO in the middle. Finally, animals in the 3× MDT3 group (Group 5) received the three active strips placed end-to-end in the wound bed. Active control groups (Group 6, bupivacaine; and Group 7, clonidine) did not receive test article during the surgical procedure. The positive control groups received daily 1 mL injections of either bupivacaine (30 mg/mL) or clonidine (225 µg/mL). These daily doses were divided into three ~333 µL subcutaneous injections via a 31 G needle entering skin ~1 cm medial to the midpoint, cranial end, and caudal end of the incision, with the bevel directed in an attempt to pool solution in the sub-incisional space. The sub-incisional route of administration for MDT3 was chosen consistent with the hypothesis that a clonidine depot could have a localized effect of peripheral pain generator(s). The completion of strip placement was recorded as time 0. Since Sham animals (Group 1) and positive control animals (Groups 6 and 7) did not receive test article or PBO prior to wound closure, the initiation of wound closure was recorded as time 0 in these 
696
Wilsey and Block groups. The skin was closed using a sterile 3-0 silk suture (~12 continuous stitches). Following surgery, the pigs were given a 0.5 mL injection of 10% marbocyl IM. The total time under anesthesia was ~15 minutes for each animal, during which time heart rate and blood oxygen saturation were monitored.
Tactile withdrawal threshold assessments
Following recovery from anesthesia on the day of surgery, the pain behavior threshold was measured by applying von Frey monofilaments adjacent to the wound. This first assessment was conducted 4 hours postoperative. The von Frey filaments were applied just lateral (<2 cm) to the mid-point and just in front of the cranial end of the incision using the Dixon up-down method. Each filament was applied a minimum of three times. Pain or "withdrawal" response was characterized by the animal reactively moving away from the stimulus by quickly stepping away and/or twisting the flank area. This testing procedure was repeated at 24 hours' intervals from the approximate time of dosing for 1-week postoperative.
Both the tester and recorder were blinded as to the treatment of each animal.
Spontaneous locomotor activity
Spontaneous locomotor activity was quantified to indirectly assess sympatholytic, sedative effects of systemic clonidine. The open field consisted of a 270 cm ×180 cm fenced rectangular grid, subdivided into 54 2 (900 cm 2 ) cells (nine rows of six). Animals were acclimated to the open field test during the week prior to surgery, with data collection beginning the day prior to surgery (baseline). Tests were again conducted following tactile allodynia tests at ~4, 24, and 48 hours postsurgery (capturing the projected period of peak systemic exposure). Animals were individually assessed by guiding them into the open field area from their pens, closing the gated fence surrounding the field and leading back to pens, and manually recording movement across cells for 2 minutes. A technician recorded movement on a map of the open field, marking a vertical line each time both front feet entered a cell. The number of cell boundary breaches during the 2-minute observation period was summed for each animal and for each test.
In vitro drug release
Single MDT3 strips were weighed and placed in 5 mL cryovials. A total of 4 mL of 1× PBS receiving buffer was added to each vial, with testing conducted in triplicate. The vials were then placed in a shaking water bath set to 37°C and 120 rpm. The samples were pulled from the water bath at the following time points: 4 hours, 1 day, 2 days, 3 days, 4 days, 7 days, 10 days, and 14 days. At each pull, the 4 mL of buffer was removed from each sample vial and replaced with 4 mL of fresh receiving buffer. The vials were then placed back into the shaker bath. An aliquot of the buffer that was removed from each sample was transferred into HPLC vials for analysis (mobile phase 75:25 H 2 O:CH 3 CN; flow rate 1.2 mL/min; column XBridge C8 4.6×150 mm, 5 µM; Waters, Milford, MA, USA). The concentration of clonidine HCl in each aliquot was used to calculate net drug release during each interval.
Plasma clonidine
In order to avoid potential noise introduced into the behavioral data as a result of the stress of frequent blood collection, blood draws were not completed in the 52 study animals. A cohort, n=4, of Landrace mixed pigs of similar age and body mass was administered a single subcutaneous MDT3 strip. Blood was drawn from an ear vein prior to placement and at 4 hours postadministration, 24 hours postadministration, and then daily through 1 week. Approximately 1 mL of blood was transferred to EDTA K2-coated tubes and centrifuged at 3000 rpm for 10 minutes. Plasma was then transferred to cryovials and stored at −70°C. Samples were shipped to InVentiv Health Clinical (Quebec, QC, Canada) for analysis. Clonidine was extracted from plasma using a liquid-liquid extraction procedure and injected into a liquid chromatograph equipped with tandem mass spectrometry detector. Quantitation is by peak area ratio. A weighted (1/C2) linear regression standard curve spanning analytical range 20.0-2000 pg/mL (R 2 >0.98) was calculated using standards prepared by InVentiv and using the Thermo Electron Corporation Watson LIMS software Version 7 (Thermo Fisher Scientific, Waltham, MA, USA).
Statistical analysis
Data were analyzed using the GraphPad Prism ® (Version 7.02) Software (GraphPad Software, Inc., La Jolla, CA, USA). Since withdrawal threshold scores were similar cranial to the incision and lateral to the mid-point, only the analyses of the mid-incision data are presented in this article. Withdrawal threshold data over time were analyzed by repeatedmeasures ANOVA and Dunnett's post hoc, comparing each treatment group with Sham at each time point. Locomotor activity and additional analyses are described in Figures 2-4 . Average hourly rate of drug release was calculated from total drug release during each interval between buffer changes 
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Analgesic effect of clonidine depot ( Figure 5 ). Human equivalent dose (HED) was calculated by the following formula: HED = animal dose in mg/kg × (animal weight in kg/human weight in kg) 1/3 , with 60 kg used for human weight as described in Food and Drug Administration (US FDA) safety guidance. All data graphs were created in GraphPad Prism ® , with error bars representing standard error of the mean (Figures 2-4) or 95% confidence limits ( Figure 5 ).
Results
As expected, the surgical procedure was associated with significant peri-incisional tactile allodynia. In the Sham group, a >95% reduction in mean withdrawal threshold was recorded at 4 hours ( Figure 2 ) and remained >80% below baseline through Figure 2 ). Daily injections of bupivacaine (30 mg) resulted in near-complete reversal of tactile allodynia 1 hour postinjection (100% of baseline at 72 hours), whereas similar daily injections of clonidine (up to 225 mg/day) had a modest but significant effect (34% of baseline at 72 hours, Figure 2 ). No toxicologically adverse effects were recorded during the 1 week postsurgical observation period. However, there was evidence of sedation as measured by a reduction in spontaneous motor activity, particularly in the clonidine injection group (Table 2) . Subincisional injection of clonidine solution (225 µg/day) was associated with 41.1, 26.0, and 21.9% reductions in the mean number of cells breached compared to baseline at 4, 24, and 48 hours, respectively. Two MDT3 was associated with a 26.9% reduction SMA at 4 hours and a 19.2% reduction at 24 hours, with complete recovery by 48 hours. Effects in other treatment groups failed to reach statistical significance (Table 2) .
To further assess the dose-response effects of clonidine strips on peri-incisional tactile allodynia, a cumulative withdrawal threshold from 4 hours to 7 days postimplantation was calculated (Figure 3) . The mean cumulative withdrawal threshold was 2.3 times higher in Group 3 (1× MDT3) compared to Group 1 (Sham), although this narrowly failed to reach statistical significance (Figure 3) . The mean cumulative withdrawal threshold was 3.1 times higher than Sham in Group 4 (2× MDT3, P<0.01) and 3.9 times higher than Sham in Group 5 (3× MDT3, P<0.001) . Cumulative withdrawal threshold was over five times higher than Sham in the bupivacaine group (P<0.0001). The effect of daily clonidine solution on this summed end point did not reach statistical significance (Figure 3 ). There was a statistically significant correlation between dose of MDT3 and cumulative withdrawal threshold from 4 hours to 7 days (Figure 4) .
The mean rate of drug release was highest during first 4 hours, averaging 18.1±0.32 µg/hour/strip ( Figure 5 ). This fell to 5.4±0.32 µg/hour/strip between 4 and 24 hours and to <5 µg/hour/strip thereafter. Drug release per day was <150 µg after 24 hours (the typical dose in orthopedic postoperative pain studies) ( Figure 5) . [15] [16] [17] Expressed as HED, the rate of drug release falls below the recommended starting dose for epidural administration (30 µg/hour in man) by 6 hours (per biphasic nonlinear regression model, Figure 5 ).
Discussion
These data suggest that peri-incisional application of clonidine in a sustained-release depot formulation may be a viable alternative to amide anesthetics for the treatment of the acute nociceptive sensitization component of postoperative pain. A strong dose-response relationship was found from 0.77 to 2.3 mg clonidine HCl (in the form of 1-3 MDT3). The effect of three MDT3 strips in ameliorating peri-incisional tactile allodynia reached statistical significance by the first assessment at 4 hours and remained significant through the end of the study (Day 7). Despite the sustained efficacy, the rate of drug release (expressed as HED) fell below those associated with centrally/systemically mediated analgesia during the first several hours. Since three MDT3 strips were the highest dose tested, the maximally effective dose in this model cannot be concluded from this study. It was noteworthy that the effect of daily sub-incisional bolus injection of 225 µg (1.80 mg cumulative dose) was not significant in the cumulative analysis. The modest effect in this group reached significance at 72 hours only. Given that tactile allodynia was assessed 1 hour after the peri-incisional injections and the efficacy of doses in this range reported in the literature, 
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Analgesic effect of clonidine depot this was unexpected. The lack of pharmacokinetics data to confirm expected (high) systemic exposure in this group hinders a definitive interpretation. Nonetheless, the clonidine injection group exhibited the greatest magnitude of systemic sedation, as assessed by spontaneous motor activity. While statistical power was inadequate to detect subtle effects, the injection group trended inferior to the one MDT3 strip group in the cumulative tactile allodynia analysis. This suggests that the polymer depot delivery system may have potency as well as duration of action advantages compared to a bolus solution by better concentrating the drug near local pain generators and slowing systemic absorption and clearance. The greater summed effect on tactile withdrawal threshold combined with evidence of less systemic drug effects in the MDT3 groups compared to the clonidine injection group is consistent with a primarily local (peripheral) mechanism of action. The analgesic effects of clonidine have historically been considered primarily, if not exclusively, centrally mediated. 21 Stimulation of α 2 adrenergic receptors (ARs) in the CNS plays an undisputed role in the pharmacological effects of epidurally administered clonidine. However, accumulating evidence demonstrates distinct, peripherally mediated actions that could contribute to analgesia. Intra-articular or periarticular administration of 150 mg clonidine has been shown to provide an analgesic effect following arthroscopic knee [15] [16] [17] 22 and shoulder surgery. 18 Consistent with a local mechanism of action, subcutaneous administration of the same dose had no effect on postoperative pain or consumption of rescue medication. 18, 22 It is important to note, however, that the contribution of deeper soft tissue pain generators (eg, articular cartilage and ligaments) is expected to result in more severe and durable pain (eg, higher summed pain intensity) compared to an incisional model limited to superficial somatic pain.
There are several limitations to using nonclinical evoked pain behavior data to predict effects on patient-reported "spontaneous" pain. Evoked and spontaneous pain are distinct phenomena, with the latter generally appearing to be more responsive to drugs with a central mechanism of action. 23 Although behavioral measures of spontaneous pain have been proposed, 23 there is no validated nonclinical equivalent to common patient-reported outcomes (eg, Numeric Rating Scale or visual analog scale at rest). Furthermore, many "evoked pain" models, including the porcine model described in this article, cannot definitively distinguish a complete afferent pain pathway and response from a nociceptive response that circumvents higher brain centers. While nociception and pain can occur independently, their concordance is likely better in the case of acute tissue injury compared to chronic pain models. In this context, nociception is the peripheral component to evoked pain from applying a stimulus to injured tissue. An antinociceptive effect, therefore, likely has clinical relevance to evoked pain in healing tissue.
The precise mechanism of this local, peripheral analgesic effect of clonidine requires further research. Antiinflammatory effects have been described in clinical and mechanistic nonclinical studies. [10] [11] [12] [13] [14] Anti-inflammatory effects appear to be α 2 AR dependent and may involve the stimulation of these receptors on macrophages. Clonidine has also been shown to act directly on peripheral nerves in vitro to produce local anesthetic effects, interfering with the activity of voltage-gated Na + channels and, at sufficient doses, can mediate a complete regional nerve blockade. 24 This anesthetic-like effect appears to be independent of α 2 ARs 24 and, therefore, may not require exposure of nerve endings to drug (ie, clonidine may interfere with pain signaling anywhere along axons). This mechanism may contribute to postoperative analgesia, with lower concentrations than what is required to achieve a complete nerve block blunting the propagation of action potentials by pain fibers (ie, fewer impulses through fiber bundle per unit time or smaller whole nerve action potential amplitude). Stimulation of α 2 ARs on peripheral nerve endings likely also contributes to analgesia. 25 While the central analgesic effect of clonidine has been shown to be blocked by an α 2 AR antagonist, 26 the relative contribution of α 2 AR-independent effects to peripherally mediated analgesia is unclear. In vitro studies suggest that the anesthetic-like effects of clonidine require higher concentrations than those associated with alpha-2 AR-dependent effects. 23, 27 A hydrolysis-dependent sustained-release depot may facilitate reaching higher concentrations within axon bundles compared to local injections of clonidine solution.
Although a central component to the analgesic effects of this MDT3 prototype clonidine depot in the pig incisional pain model cannot be excluded with certainty, in vitro drug elution data indicate that the lowest effective dose releases drug at a significantly slower rate compared to the recommended starting dose for epidural clonidine infusion. Moreover, epidural administration of clonidine is associated with CSF concentrations up to 10 times the systemic plasma levels. 28 Therefore, CSF concentrations at the lowest effective dose are unlikely to have been maintained at levels associated with clinically meaningful central analgesia. The failure of bolus subcutaneous administration of 150 µg clonidine HCl to elicit an analgesic effect in man 18, 22 further supports the supposition of a localized, peripheral mechanism of action. Finally, the failure of peri-incisional daily 225 µg boluses of clonidine to significantly affect tactile allodynia 1 hour postadministration is strongly suggestive that the efficacy of MDT3 was not dependent on systemic absorption. The rate of release from MDT3 would have approached the bolus dose during the first hour postadministration only, whereas the magnitude of efficacy expressed as a percent increase over Sham generally peaked at 72 hours.
While the clinical relevance of these findings remains uncertain, the peripheral component of nociception is well conserved across species. It is most plausible that these results would have translational value in the context of superficial somatic pain, particularly nociceptive sensitization associated with a full thickness skin incision. The local efficacy of a clonidine depot for other types of pain that may be associated with surgery, such as deep somatic pain from periosteal nerve endings, visceral pain from thoracic or abdominal cavity procedures, and neuropathic pain from certain spinal procedures, requires further investigation. Further elucidation of the precise local mechanism(s) of action is of immense importance in determining the appropriateness of sustained clonidine delivery for these different types of pain as well as the ideal delivery system for concentrating the drug at the site(s) of action.
